Abstract: This paper proposes a regenerative braking control strategy based on real-time dynamic loading (RTDL) of wheels. Based on the nonlinear relationship between a spring's resilience and displacement, this paper establishes 7-degrees of freedom (DOF) full vehicle model with nonlinear suspension. Then, a method based on suspension deformation is devised to calculate the wheels' dynamic load, and RTDL is used to calculate the braking force of the front and rear wheels. With the braking intensity and the battery state of charge (SOC) as input variables and the desired regenerative braking force as an output variable, we establish a regenerative braking control strategy based on RTDL and simulate it in ADVISOR software. Results show that the designed control strategy effectively improves the regenerative braking energy recovery efficiency by assuring braking stability, and verifies the rationality and feasibility of the proposed control strategy.
INTRODUCTION
Electric vehicle (EV) regenerative braking technology is key to saving energy and protecting the environment. By recovering the consumed energy of the EV in the frictional braking process and releasing it in the driving process, the amount of energy consumed can be decreased and the cruising range can be improved. To recover the vehicle braking energy from the driving wheel to the greatest extent possible along with braking stability whilst preventing wheels from locking, the braking forces of the front and rear axles must be reasonably distributed according to the control strategy [1 -3] .
Under the normal braking condition, the braking force distribution strategy is mainly divided into the ideal braking force distribution strategy, the maximum energy recovery strategy and the parallel braking force distribution strategy [4, 5] . The ideal braking force distribution strategy generally uses the fuzzy-control algorithm by considering the braking efficiency and SOC synthetically, as well as the distribution of the braking forces on the front and rear axles in the braking process. At present, research mainly focuses on the energy recovery efficiency and the braking distance using a simplified linear vehicle model to study the fuzzy-control rules between input and output variables [6 -11] . The maximum energy recovery strategy maximises energy recovery through complex control. The present study focuses mainly on meeting braking regulations and achieving vehicle braking stability by studying some complex control strategies and optimisation methods in the simplified linear vehicle model, making the energy recovery efficiency of the vehicle as high as possible [12 -14] . The parallel braking force distribution strategy maintains the original system unchanged, and connected a motor in parallel, by controlling the motor to recover the energy during braking. The present research deals with control strategies for regenerative braking using a linear simplified vehicle model and ensures that the regenerative braking force of the motor and the friction braking force of the original system can be well coordinated and effective at recovering the braking energy [15 -18] . This research was conducted under ideal conditions using a simplified vehicle model without considering the effects of nonlinear deformation of the suspension on energy recovery when braking, the braking force distribution or the design of control strategy based on the linear formula. In fact, when the vehicle is braking, the suspension produces nonlinear deformation, resulting in the transfer of the front and rear axle loads with the braking deceleration is nonlinear change, and the ideal braking force required by the front and rear wheels with braking deceleration being a nonlinear change, thus causing the early control strategy designed by a simplified vehicle model to become unapplicable.
In this paper, the influence of the suspension's nonlinear deformation on the energy recovery system is considered in terms of braking energy recovery. We build a vehicle model that considers the suspension's nonlinear deformation, and a control strategy is proposed for calculating the front and rear wheel's loads under deformation of the suspension, and in turn, the distribution of the braking force. We establish a regenerative braking control strategy based on RTDL and validate it using simulation with the ADVISOR software, inputting the braking intensity and battery SOC and obtaining the desired regenerative braking force as an output variable.
A NONLINEAR GEOMETRIC MODEL OF SUSPENSION FOR A 7-DOF VEHICLE
To study the influence of the front and rear wheels' braking force on the suspension's nonlinear deformation, this paper establishes a 7-DOF full vehicle model with nonlinear suspension, as shown in Fig. (1) . According to refs [19, 20] , the nonlinear spring-resilience-displacement is expressed as shown in Eqs. (1):
where ε is the spring's nonlinear coefficient. This paper establishes a suspension force equation while the vehicle is moving according to Eq. (1):
The sprung mass equations of motion are given by (4) ( 
5)
The unsprung mass equations of motion are 
The equations of motion for the wheels are
And the wheel force's equations on the ground are given by
The vehicle's longitudinal kinetic equations are
Here, and T reb is the wheel torque supplied by the motor, N•m.
THE PRINCIPLE OF BRAKING FORCE DISTRIBUTION BASED ON RTDL

Ideal Braking Force Distribution Principle
According to the ideal braking force distribution principle, on a road of any adhesion coefficient, the conditions that occur when the front and rear wheels lock simultaneously are given as follows: the sum of the braking forces on the front and rear wheels is equal to total adhesive force and they also respectively equal to themselves adhesive force [21] , as shown in Eqs. (15 and 16):
Here, F x1 and F x2 are the front and rear wheels' braking forces, respectively, N; z is the braking intensity; Ø f and Ø r
are the road adhesion coefficients of the front and rear wheels; G is the vehicle weight, N. For the linear vehicle model, as the deformation of the suspension is not considered, the ideal braking force needed by the front and rear wheels can be calculated from formulas 15 and 16.
For the nonlinear vehicle model affected by nonlinear deformation of the suspension, the load transfer between the front and rear axles and the braking deceleration is nonlinear when braking; thus, the front and rear braking forces cannot be distributed according to the linear formula of the ideal braking force distribution principle; in contrast, the front and rear wheel loads are needed to distribute braking force, as shown in Eqs. (17) (18) (19) :
Principle of the Braking Force Distribution Based on RTDL
The front and rear wheel loads with brake deceleration variation change constantly under braking because the front and rear suspension stiffness are nonlinear; this makes accurately calculating the front and rear wheels' RTDL using a linear formula difficult. Therefore, the designed control strategy based on the linear vehicle model cannot guarantee the highest efficiency of energy recovery while also providing the best braking effect.
Therefore, this paper proposes a method to compute the RTDL of the front and rear wheels and to distribute the braking force according to the front and rear loading ratios by measuring the suspension deformation. While the vehicle is moving, the displacement (or deformation) y f and y r of the sprung masses of the front and rear suspensions, respectively, can be measured using a displacement sensor. We can then calculate the loads on the front and rear axles using Eqs. (10 and 11), and use their distribution ratio to distribute the front and rear wheels' braking forces, locking them simultaneously with the best brake effectiveness.
A vehicle usually has three running conditions-acceleration, constant velocity and braking, and the unsprung mass displacement also exists in three states-upwards motion, equilibrium position and downwards motion. In designing the control strategy, in order to recover regenerative energy only through braking, we use the measured unsprung mass displacements of the front and rear suspensions, y f and y r , respectively, where the unsprung mass equilibrium displacements of the front and rear suspensions are defined as zero when the vehicle is driving at a constant speed. This displacement is defined as negative as it moves downward with compression of the suspension and positive when it moves upward with the suspension's stretching. When the unsprung mass displacement of the front suspension is negative and that of the rear suspension is positive, we can distribute the braking forces of the front and rear wheels. In other cases, the unsprung mass displacements of the front and rear suspensions will be reset to zero, and no further steps are required. The schematic is shown in Fig. (2) . Fig. (2) . Principle of calculating the braking forces of the front and rear wheels braking through unsprung mass displacement.
To recover as much energy as possible whilst ensuring the automobile brake stability, we define the total of braking force to be taken on by the drive wheels when the braking intensity is relatively small (z ≤ 0.1), and the rear wheel does not participate in vehicle braking. When the braking intensity is (z > 0.1), the braking force of the front and rear wheels will be distributed by RTDL, and the calculation process of the braking force distribution module based on RTDL is shown in Fig. (3) . Fig. (3) . The calculation process of the braking force distribution module based on RTDL.
FUZZY-CONTROL STRATEGY DESIGN FOR THE BRAKING FORCE BASED ON RTDL
The Principle of the Control Strategy Based on RTDL
With braking intensity z and the battery SOC as the fuzzy controller's input variables and the regenerative brake force coefficient K(regenerative braking force for front axle total braking force ratio) as the output variable, the fuzzycontrol tactics schematic will be designed as shown in Fig. (4) . When braking, the brake signal is transmitted to the brake force distribution module through the driver's input. This module can distribute the braking forces F bf and F br to the front and rear axles, respectively, according to the input of the braking intensity signal. The braking force required by the rear wheel, F br is the mechanical force, while that required by the front wheel, F bf is the resultant force of the regenerative and mechanical braking forces. At the same time, fuzzy controller calculated the braking force coefficient K according to the input of the braking intensity z and the battery SOC, and with the front axle total braking force F bf to do product operation; then, we obtain the front wheel's regeneration braking force F reb . The front wheel's total braking force F bf minus the regenerative braking force F reb yields the front wheel's mechanical braking force F mf . The mechanical braking forces F mf and F br are the current state of the front and rear wheels that is required to be applied to the friction braking force, F reb is the current state of the front wheel that needs to be applied the regenerative braking force, and accordingly F reb is what needs to be applied to control the motor for braking energy recovery; the recovered energy is stored in the form of electrical energy stored in batteries.
The Design of the Fuzzy Controller
While braking, the vehicle is significantly affected by road conditions, the driver's intention and the conditions of the motor and the battery, which will show uncertainty and be nonlinear; it is impossible to express these considerations with a formula. Thus, when we determine the distribution of the braking force, a fuzzy-control technology can be used. Expressing the influence of the different factors (such as braking intensity z and battery SOC) on regenerative braking is easy by means of a fuzzy-logic technique, which can also express control rules that are hard to quantify expediently.
In this paper, a Mamdani-type fuzzy controller is used to control the regenerative and machinery braking forces using the brake intensity z and the battery's SOC as input variables. The regenerative braking force coefficient K is an output variable. The structure of the controller is shown in Fig. (5) . The symbol z indicates the input variable braking intensity, which is subjected to a fuzzy transformation to allow it to be described in the fuzzy language. Finally, with fuzzy variables having values of middle-small (MS), small (S), middle (M), big (B) and middle-big (MB), the corresponding fuzzy subsets are set as {MS, S, M, B, MB}, the domain range is [0, 1] and the membership functions are as shown in Fig. (6) . The symbol SOC indicates the input variable state of charge of the battery, which is subjected to a fuzzy transformation to allow it to be described in the fuzzy language. Finally, using fuzzy variables having values of verysmall(VS), middle-small (MS), small (S), middle (M), big (B), middle-big (MB) and very-big (VB), the corresponding fuzzy subsets are set as {VS, MS, S, M, B, MB,VB}, the domain range is [0, 1] and the membership functions are as shown in Fig. (7) .
The symbol K indicates the output variable regenerative braking force coefficient of front axle total braking force. which is subjected to a fuzzy transformation to allow it to be described in the fuzzy language. Finally, with fuzzy variables having values of very-small (VS), middle-small (MS), small (S), middle (M), big (B), middle-big (MB), verybig (VB), corresponding fuzzy subsets are set as {VS, MS, S, M, B, MB,VB}, the domain range is [0, 1] and the membership functions are as shown in Fig. (8) . Fig. (7) . The membership functions of battery SOC. According to the braking intensity z, the battery SOC and the regenerative braking force coefficient K used to design fuzzy controller, the main design principles are as follows:
When the braking intensity is too high, to brake safely, minimum braking energy should be recovered; when the 1.
braking intensity is lower, maximum energy should be recovered. When the SOC value is too high, the battery tends to be saturated. Thus, minimum braking energy should be 2.
recovered; when the SOC value is lower, maximum energy should be recovered. Table 1 shows the final design of the fuzzy-rules. Fig. (9) shows the corresponding reasoning surface of the fuzzy controller. Fig. (9) . Braking force distribution of the fuzzy controller's reasoning surface.
CONTRAST ANALYSIS BY SIMULATION WITH ADVISOR
A nonlinear vehicle model and braking force control strategy based on RTDL are constructed with SIMULINK software, and the model is embedded into ADVISOR software for simulation. The vehicle and main system parameters are shown in Table 2 . In the simulation model using ADVISOR, the front wheel uses a combination of regenerative and friction braking, whereas the rear wheel uses a pure friction brake. The energy of the front wheel is recovered during braking. The simulation is completed for two road conditions: the urban dynamometer driving schedule (CYC_UDDS), and Table 3 . CYC_UDDS are urban road conditions, the speed is low and the braking deceleration is small. CYC_CLEVELAND has high speeds and larger braking decelerations. The designs of the braking force control strategy based on RTDL and ADVISOR's own braking force control strategy are compared and simulated in ADVISOR. ADVISOR's own braking force control strategy was same as the mentioned control strategy of this paper in introduction part; it is based upon a linear vehicle model, and the influence of the suspension deformation upon the regenerative braking is not considered.
Under the CYC_UDDS and CYC_CLEVELAND conditions of the regenerative braking simulation, the battery SOC results under two conditions are shown in Figs. (10 and 11) , respectively. Figs. (12 and 13) are the simulation results of unsprung mass displacement under two conditions; Table 4 compares the results of braking energy recovery under the two control strategies. Figs. (10 and 11) , the braking force control strategy based on RTDL under both circulation conditions can slow the battery SOC while descending, especially under CYC_UDDS. The residual electricity in the storage battery has larger effects. The battery SOC value is 0.64, which is greater than ADVISOR's own braking force control strategy's value of 0.57 under the CYC_UDDS circulation condition, and it can also be seen that the battery recovered more braking energy.
The unsprung mass displacements of the front and rear suspensions during braking are shown in Figs. (12 and 13) . We can see that those under CYC_CLEVELAND are larger than those under CYC_UDDS, and the braking intensity under the CYC_CLEVELAND circulation condition has a larger intensity. The CYC_CLEVELAND driving time is shorter than that under the CYC_UDDS condition, i.e. 634 s, compared with 1,369 s; thus, the simulation was completed faster for the CYC_CLEVELAND condition. Fig. (12) . The unsprung mass displacement of the front suspension. Fig. (13) . The unsprung mass displacement of the rear suspension. The brake energy regenerations under the different control strategies are shown in Table 4 . It can be seen that under 
